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MULTISTAGE CHOPPER STABILIZED 
DELTA-SIGMA ADC WITH REDUCED 

OFFSET 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] N/A 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] N/A 

BACKGROUND OF THE INVENTION 

[0003] The present disclosure relates generally to analog 
to-digital converters (ADCs), and more particularly to delta 
sigma (AZ) ADCs With reduced DC offset and reduced loW 
frequency noise. 
[0004] A delta-sigma (AZ) ADC is similar to a voltage 
controlled oscillator in Which the frequency of the oscillation 
is proportional to the input voltage. A A2 ADC is typically 
realiZed With a AZ modulator, such as is represented in FIG. 1. 
A A2 modulator 100 operates on an analog input to a differ 
ence operator 102, such as may be implemented as a summing 
junction. An integrator 104 operates on the error signal pro 
duced by difference operator 102.A comparator 106 provides 
a threshold operation in Which the output of integrator 104 is 
compared to a threshold, and an output of comparator 106 
changes state When the threshold is crossed. A latch 108, 
Which can be implemented as a D ?ip-?op, captures the 
output of comparator 106 and produces a bit stream output. A 
feedback loop is provided through a one bit digital-to-analog 
converter (DAC) 110. The output of DAC 110 is provided to 
difference operator 102 to produce the error signal applied to 
integrator 104. The bit stream produced by delta-sigma 
modulator 100 is used to provide an analog-to-digital conver 
sion When the bit stream output pulses are counted Within a 
given time interval. When the pulses output from latch 106 are 
counted or summed over a given interval, the digitiZed value 
of the count or sum represents an average of the analog input. 
Feedback DAC 110 typically converts a bit stream value 
output from latch 108 to a voltage reference that can represent 
a range of operation for the delta-sigma modulator. Compara 
tor 106 and latch 108, When combined, can be vieWed as 
providing a quantization operation. 
[0005] When delta-sigma modulators are used to convert 
analog inputs to a bit stream output for use in ADC applica 
tions, such a AZ ADC may be limited in the dynamic range 
and the acceptable frequency of the analog input. The accu 
racy of high dynamic range DC and loW frequency measure 
ment signal chains in a AZ ADC are dominated by DC offset 
and 1/f noise. The input and signal chains in a AZ ADC are 
typically implemented as differential pathWays to contribute 
to rejecting or reducing noise. 
[0006] Auto-Zeroing and chopping are tWo fundamental 
approaches conventionally used to minimize DC offset and 
loW frequency noise in data converters and sampled ampli? 
ers. Auto-Zeroing refers to a technique for reducing the 
impact of DC offsets associated With ADC operation by mea 
suring and attempting to cancel offsets. In one approach, 
ADC inputs are shorted and the DC, input-referred, offset is 
measured, stored and subtracted from input values during 
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regular operation. This approach is limited by the accuracy of 
measuring the offset and residual errors during the cancella 
tion of the offset. 
[0007] Chopping refers to a technique for sWitching signal 
pathWays in an attempt to compensate for the impact of path 
Way mismatches. Signal pathWay mismatches may be related 
to component tolerances, manufacturing processes, trace 
paths and other mismatched items that can produce voltage 
offsets in the signal pathWays. Chopping helps to remove the 
offsets by alternating signal pathWays to balance mismatch 
impact over time. 
[0008] HoWever, notWithstanding the above techniques, a 
residual DC offset continues to be present due to mismatches 
in the differential signal paths. Achieving an input referred 
offset in the range of 100 nV is a major challenge in high 
accuracy DC measurement circuits. 
[0009] Referring to FIG. 2, a diagram of a charge domain 
model of a typical ?rst orderADC system 120 that is based on 
a AZ modulator, such as that illustrated in FIG. 1, is illus 
trated. System 120 illustrates the charge domain operation of 
the ?rst order AZ ADC that shoWs offset sources associated 
With integrators and sWitches. System 120 illustrates an input 
sampling capacitor Cs, a feedback sampling capacitance 
Cref, an integration and ampli?cation capacitance Cint and a 
quantiZer 122. The offset charge associated With each of these 
signal paths are illustrated as Qoff_in across input sampling 
capacitance Cs, Qoff_dac across feedback capacitance Cref, 
Qoff_int associated With the integrator, and offset Voff_quant 
associated With quantiZer 122. The input referred offsets 
associated With the sources modeled and re?ected to the input 
in system 120 are summariZed in Equation 1 beloW. 

+ vomquam - <1 — [1) + volt-m 

[0010] Equation 1 indicates that offsets associated With the 
input and the feedback DAC, as Well as the ampli?ers, refers 
to the ADC input as is, and therefore a reduction in the 
ampli?er offset and 1/f noise contribution is insu?icient to 
reduce the input offset. 
[0011] In knoWn ADCs, attempts have been made to 
remove DC offsets by focusing on ampli?er offsets and 1/f 
noise. One approach to reduce or remove DC offsets calls for 
the introduction of a chopping operation as described above. 
With this approach, a signal path is modulated and demodu 
lated With sWitches or pulse signals to chop the signal. The 
chopping operation can contribute to reducing DC offsets and 
loW frequency noise in an integrator/ampli?er. These 
approaches, hoWever, do not address residual errors that 
originate from the chopping activity itself. 
[0012] One knoWn attempt to reduce DC offsets and 1/f 
noise associated With sWitched capacitor gain stages, as Well 
as A2 ADCs, employs a fast chopping sWitch before and after 
the integrator, Which tends to move the loW frequency errors 
to higher frequencies and permits the useful signal to pass 
unchanged. 
[0013] Referring noW to FIG. 3, a block diagram of a con 
ventional chopped integrator used With a AZ ADC is illus 
trated as system 130. An operational trans-conductance 
ampli?er (OTA) 132 With a gain of gme has an input chopper 
134 and an output chopper 135. Input and output choppers 
134, 135 move 1/f noise and DC offsets of OTA 132 to a 
higher frequency. For example, a DC offset of OTA 132, 
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represented as voltage Voff_amp is moved to a higher fre 
quency by choosing a chopping frequency, fchop_fast, Which 
moves 1/f noise away from the useful signal. 

[0014] Sampling sWitches 136, 138 and feedback DAC 
sWitches 137a, 1371) have a charge injection that is common 
mode if the sWitches are ideally matched. Sampling sWitches 
138 are referenced to a common mode voltage Vcm to pro 
vide common mode sampling in an arrangement sometimes 
referred to as parasitic insensitive sampling. However, mis 
matches in the paths and sWitch variables tend to produce a 
DC offset voltage Voff_int, Which is temperature dependent. 
As indicated in FIG. 3, the accumulated DC offset Voff_int 
equals the sum of the DC offset Voff_samp from sampling 
sWitches 136 and the DC offset Voff_dac from the feedback 
DAC sWitches 137a, 1371). DC offset Voff_dac can also be 
in?uenced by mismatches in feedback capacitors 133a, 1331). 
The DC offset represented by voltage Voff_dac can be 
dynamic based on the density of the logic ones produced by 
the ADC provided in the DAC feedback. The dynamic nature 
of voltage Voff_dac can be further in?uenced by mismatches 
in the DAC sWitches. The DC offset due to a high logic one 
density in the output of the ADC tends to decrease for analog 
inputs around midrange of the ADC. SWitch leakage mis 
match, both junction and off-state, also contributes to offset 
errors. 

[0015] FIG. 4 illustrates a system block diagram of a charge 
domain model of a AZ ADC using a chopped integrator such 
as that shoWn in FIG. 3. A shortcoming of the technique of 
using a fast chopping clock before and after the integrator, as 
illustrated in FIG. 4, is that charge injection mismatches due 
to input and feedback sWitches of the ADC continue to remain 
a dominant offset source. 

[0016] FIG. 5 illustrates another knoWn attempt to reduce 
DC offset and 1/f noise to push the input signal to a high 
frequency using an input chopping netWork. The high pass 
quantiZation noise generated by a typical AZ ADC can con 
taminate the input signal in accordance With this approach. 
The contamination can be reduced by converting the loW pass 
AZ modulator to a high pass modulator using the loW pass 
to-high pass frequency transformation Z—>-Z. This is the 
approach is illustrated in the system block diagram shoWn in 
FIG. 5. In the modulator illustrated in FIG. 5, unlike previous 
AZ ADCs, the quantiZation noise is pushed to loWer frequen 
cies. HoWever, due to primary modulation at the input, the 
useful signal is pushed to higher frequencies, generating 
stringent settling time and sleW rate requirements on the 
analog modulator, Which tends to increase overall poWer con 
sumption for the ADC. In addition, residual offset due to the 
fast chopping activity at the input continues to present a 
problem With inaccuracy in this architecture. 
[0017] Another knoWn approach to address DC offsets is 
similar to that described above in FIG. 5, With the addition of 
a sloW chopper to remove residual DC offset. FIG. 6 illus 
trates a charge domain model With an ADC incorporating a 
sloW chopper. The ADC of FIG. 6 has the draWback that a 
sloW changing input is processed to a very high frequency, 
Which tends to increase the analog modulator settling and 
sleW rate requirements. In addition, moving the input signal to 
a higher frequency tends to cause a disturbance on the inte 
gration capacitor. The disturbance on the integration capaci 
tor reduces the DC accuracy of the ADC, Which in turn 
contributes to a reduction in the overall accuracy of the ADC. 
The ADC charge domain model exhibits a lack of phase 
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inversion in the feedback DAC, Which makes this approach 
less useful in terms of limitations on DC accuracy and 
dynamic range. 

BRIEF SUMMARY OF THE INVENTION 

[0018] The disclosed systems and methods provide a AZ 
(delta-sigma) analog-to-digital converter (ADC) that reduces 
DC offsets and 1/f noise by providing a secondary, relatively 
loW frequency chopping component. A multi-stage approach 
uses both relatively loW and relatively high chopping frequen 
cies to reduce the impact of residual errors due to chopping 
clock paths. The addition of a relatively loW frequency chop 
ping clock in conjunction With a typical chopping clock asso 
ciated With an integrator/ ampli?er pushes the residual offsets 
associated With the input sampling netWork to an offset fre 
quency to reduce or remove the impact of the offsets on the 
useful signal. Input referred offsets of differential sWitched 
capacitor netWorks increase With parasitic capacitance mis 
matches, due to channel charge injection and clock feed 
through mismatches. The relatively sloW chopping frequency 
reduces the impact of the sampling netWork mismatch effects, 
as Well as reducing post-chopping residual offset from the 
integrating ampli?er. 
[0019] According to one embodiment of the disclosed sys 
tem and method, a series sWitch is provided before the sam 
pling netWork of the AZ ADC, Where the sWitch is clocked at 
a relatively sloW speed, Which up-converts the input signal to 
a relatively loW intermediate frequency. After the sampling 
operation, a demodulator down-converts the signal to DC, 
up-converting the residual DC offsets to a higher frequency. 
Because the series sWitch operates sequentially in the signal 
chain, the error signal in a feedback loop ?lter of the ADC is 
undisturbed, Which avoids any reduction in accuracy. 
[0020] According to another exemplary embodiment of the 
disclosed system and method, a series sWitch is provided 
before the sampling netWork of the AZ ADC, Which sWitch is 
clocked at a relatively sloW speed, up-converting the input 
signal to a relatively loW intermediate frequency. The integra 
tor operates on the chopped signal, and the output of the 
integrator is demodulated back to DC. The ?nal signal after 
the integrator has the same frequency location and polarity as 
the original signal to be provided to a quantiZer. 
[0021] According to another exemplary embodiment of the 
disclosed system and method, a series sWitch is provided 
before the sampling netWork of the AZ ADC, Where the 
sWitch is clocked at a relatively loW speed. After the sampling 
netWork, a demodulator doWn-converts the signal, prior to the 
signal being applied to the closed loop of the AZ ADC. The 
charge injection errors due to the feedback loop, as Well as the 
DAC, are outside of the relatively sloW sWitching nest. In 
addition, because the sWitch operates sequentially in the sig 
nal chain, the error signal in the feedback loop of the ADC is 
undisturbed, Which avoids any reduction in accuracy. 
[0022] According to another embodiment of the disclosed 
system and method, a series sWitch is provided before the 
sampling netWork of the AZ ADC, and clocked at a relatively 
loW frequency, up-converting the input signal to a relatively 
loW intermediate frequency. A demodulator, also operating at 
the relatively sloW speed, is positioned in the forWard path of 
the closed loop AZ ADC, Within the closed loop arrangement. 
Charge injection errors due to feedback in the closed loop, 
related to a feedback DAC, are also Within the sloW chopping 
nest provided by the relatively sloW sWitching speed of the 
series sWitch modulator and demodulator. The offsets due to 
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the feedback loop switching, such as caused by the feedback 
DAC, are chopped as well, because of the error signal being 
placed within the slow chopping nest. 
[0023] According to another exemplary embodiment of the 
disclosed system and method, a relatively slowly clocked 
series switch is provided before the sampling network of the 
AZ ADC. The up-converted input signal is placed at a rela 
tively low intermediate frequency, and demodulated at the 
output of the chopped integrator, in the forward path of the 
closed loop, and within the loop of the closed loop arrange 
ment. The charge injection errors due to feedback, such as 
from the feedback DAC, are inside the slow chopping nest. 
The offsets due to the feedback, such as the feedback DAC, 
are chopped as well. 

[0024] According to an exemplary embodiment of the dis 
closed system and method, the integrating capacitors associ 
ated with the chopped integrating ampli?er are switched to 
compensate for polarity shifts in the slow chopped feedback. 
The integrating ampli?er capacitors store a residual charge 
from the analog to digital conversion, which charge can be 
applied to a later conversion to improve accuracy. The polar 
ity of the stored charge is changed when applied to a later 
conversion that also has a changed polarity, so that the polar 
ity of the stored charge corresponds to the associated conver 
sion. 
[0025] According to an exemplary embodiment of the dis 
closed system and method, a AZ ADC has differential input 
signals and can be provided with a ?rst polarity inversion 
switch consisting of cross coupled switches arranged prior to 
a sampling network to perform a polarity inversion of the 
differential input signals. The switch can be operated at a low 
frequency to perform a chopping operation. A second polarity 
inversion switch consisting of cross coupled switches can be 
provided after the sampling network and before the feedback 
loop to perform a polarity inversion of the differential signals 
provided by the sampling network. The ?rst and second polar 
ity inversion switches can each be selectively enabled to 
perform chopping modulation and demodulation according 
to a sequential chopping con?guration. 
[0026] According to another exemplary embodiment of the 
disclosed system and method, a AZ ADC has differential 
input signals and can be provided with a ?rst polarity inver 
sion switch consisting of cross coupled switches arranged 
prior to a sampling network to perform a polarity inversion of 
the differential input signals. The switch can be operated at a 
low frequency to perform a chopping operation. A second 
polarity inversion switch consisting of cross coupled switches 
can be provided after a comparator in the AZ ADC to perform 
a polarity inversion of the differential signals provided by the 
comparator. The ?rst and second polarity inversion switches 
can each be selectively enabled to perform chopping modu 
lation and demodulation according to a nested chopping con 
?guration. 
[0027] The above-described exemplary nested chopping 
con?guration has a polarity inversion switch inside the feed 
back loop of the AZ ADC. According to an exemplary 
embodiment of the disclosed system and method, when the 
polarity of the input to the ampli?er is switched, the ampli?er 
integrating feedback is also switched. The comparator can 
make a logic decision, Zero (0) or one (1) for example, based 
on a given polarity, and if the polarity changes, the feedback 
can also be changed to match the appropriate polarity. The 
comparator may make a decision based on prior information 
provided by the integrating capacitors. The capacitors can be 
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changed, or swapped, between the differential ampli?er 
inputs, to apply the desired information to the desired differ 
ential inputs to match the decision time frame and feedback 
information. 

[0028] A nested chopping con?guration may have logic 
that appropriately conditions the digital to analog converter 
(DAC) feedback. The DAC feedback may be in?uenced by 
the slow chopping operation in the nested con?guration, such 
as by having a polarity change. The logic for the feedback 
operates to obtain a polarity that is appropriate to the polarity 
of the output of the comparator when the comparator decision 
is made. For example, the ?rst feedback bit after a nested 
chopped clock edge is inverted to accommodate the chopped 
integrating capacitors, which are chopped prior to the appli 
cation of the delayed feedback. 
[0029] According to another exemplary embodiment of the 
disclosed system and method, a sequential chopping con?gu 
ration is combined with a nested chopping con?guration, and 
either or neither con?guration is selectively enabled. A ?rst 
polarity inversion switch consisting of cross coupled switches 
is arranged prior to a sampling network and selectively 
enabled to provide a relatively slow chopping operation on 
the input voltage in either sequential or nested con?gurations. 
A sequential polarity inversion switch is located after the 
sampling network and before the integrating ampli?er, and 
selectively enabled to demodulate the relatively slow chop 
ping provided by the ?rst polarity inversion switch. A nested 
polarity inversion switch is located within the feedback loop 
after the comparator, and selectively enabled to demodulate 
the relatively slow chopping provided by the ?rst polarity 
inversion switch. 

[0030] Polarity inversion switches are also located on either 
side of each integrating capacitor provided in the integrating 
ampli?er. The polarity inversion switches for the integrating 
capacitors are selectively enabled to be switched in conjunc 
tion with the nested polarity inversion switch to provide selec 
tively enabled nested chopping. Logic circuitry to control a 
feedback bit after a nested chop clock edge is selectively 
enabled. The logic circuitry may, for example, invert the 
feedback bit a clock period from the nested clock when nested 
chopping is enabled. With this combination of selectively 
enabled sequential or nested chopping, a AZ ADC can be 
implemented that can be con?gured to have sequential chop 
ping, nested chopping, or neither, in accordance with a given 
application, for example. Alternatively, or in addition, 
another selectively enabled polarity inversion switch can be 
implemented at an input stage of the AZ ADC, and operated in 
conjunction with a sequential or nested chopping switch. 
With such an implementation, either sequential or nested 
chopping may be realiZed. 
[0031] According to an advantageous aspect, the disclosed 
system and method avoids digitiZing the input signal with the 
AZ ADC at an offset frequency. The slow chopping activity is 
transparent to the integrator(s) inside the loop ?lter, thereby 
avoiding impact to the useful signal. The signal does not 
suffer from signal-to-noise ratio (SNR) and DC accuracy 
degradation due to shifting of useful signals to offset frequen 
cies. 

[0032] According to another advantage, the disclosed sys 
tem and method avoids the modi?cation or addition of any 
digital signal post processing. The digital decimation ?lters 
that follow the AZ ADC need not be modi?ed to be used with 
the disclosed system and method. 
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[0033] According to another advantage, the disclosed sys 
tem and method provides temperature independence, so that 
offset removal is consistent across a Wide variety of operating 
temperatures. The residual offsets due to sampling and feed 
back sWitching are removed dynamically, so that the accuracy 
of the compensation process is maintained independent of the 
operating temperature. 
[0034] According to another advantage, the disclosed sys 
tem and method permit enablement or disablement of the loW 
frequency sWitching With no impact to normal operation. By 
positioning the loW frequency sWitches at speci?c, loW criti 
cality points in the modulator, they can be set to a static on or 
off position Without in?uencing normal operation of the 
ADC. 

[0035] According to another exemplary embodiment of the 
disclosed system and method, the sloW chopped ADC is con 
?gured to account for ambient and systemic noise. The sloW 
chopped ADC is adjusted for synchronous or harmonic noise 
related to the sloW chopping clock. The sloW chopping clock 
is con?gured to have transition edges that are placed in time 
instances to minimiZe overall system noise. For example, if 
there is a knoWn periodic digital noise source in the system, 
such may be provided by a DSP, a decimation ?lter or a CPU, 
the sloW-chopping clock can be selected to be harmonically 
isolated in relation to the noise sources. A processor may be 
used to perform a periodic conversion, Which can result in an 
activity dependent voltage offset applied to components of 
the AZ ADC. Advantageously, the phases of the chopping 
clock are arranged to coincide With and chop synchronous 
noise sources, or to avoid and not chop intervals of noise from 
synchronous noise sources. For example, the conversion 
activity by the processor may be high at times and loW at 
others, so the phases of the chopping clock are arranged to 
chop the greater incident noise, or to chop the converter 
signals during intervals of lesser incident noise, to decrease 
speci?c synchronous noise impact on the system. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0036] The disclosed system and method are described in 
greater detail beloW, With reference to the accompanying 
draWings, in Which: 
[0037] FIG. 1 is a system diagram ofa AZ modulator; 
[0038] FIG. 2 is a charge domain system diagram of a AZ 
ADC; 
[0039] FIG. 3 is a block diagram ofa portion ofa AZ ADC 
With a chopped integrator; 
[0040] FIG. 4 is a charge domain system diagram of a AZ 
ADC With a chopped integrator; 
[0041] FIG. 5 is a charge domain system diagram of a AZ 
ADC according to knoWn con?guration; 
[0042] FIG. 6 is a charge domain system diagram of a AZ 
ADC in accordance With a knoWn con?guration; 

[0043] FIG. 7a is a timing diagram illustrating sWitching 
frequencies in accordance With an exemplary embodiment of 
the disclosed system and method; 
[0044] FIG. 7b is a graph of a frequency spectrum illustrat 
ing frequency shifting in accordance With another exemplary 
embodiment of the disclosed system and method; 
[0045] FIG. 8 is a block diagram of a AZ ADC in accor 
dance With another exemplary embodiment of the disclosed 
system and method; 
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[0046] FIG. 9 is a block diagram of a AZ ADC in accor 
dance With another exemplary embodiment of the disclosed 
system and method; 
[0047] FIG. 10 is a charge domain system diagram of the 
AZ ADC of FIG. 9; 
[0048] FIG. 11 is a block diagram of a AZ ADC in accor 
dance With another exemplary embodiment of the disclosed 
system and method; 
[0049] FIG. 12 is a charge domain system diagram of the 
AZ ADC of FIG. 11; 
[0050] FIG. 13 is a block diagram ofa AZ ADC in accor 
dance With another exemplary embodiment of the disclosed 
system and method; 
[0051] FIG. 14 is a block diagram ofa AZ ADC in accor 
dance With another exemplary embodiment of the disclosed 
system and method; 
[0052] FIG. 15 is a block diagram of a AZ ADC in accor 
dance With another exemplary embodiment of the disclosed 
system and method; and 
[0053] FIGS. 16a and 16b are timing diagrams illustrating 
compensation for the polarity change resulting from the 
application of the sloW chopping clock. 

DETAILED DESCRIPTION OF THE INVENTION 

[0054] The present disclosure provides systems and meth 
ods for reducing the impact of residual errors due to chopping 
clock paths by applying a relatively loW chopping frequency 
to compensate for offsets and loW frequency noise. The rela 
tively loW chopping frequency tends to reduce the impact of 
sampling netWork mismatch effects, as Well as post-chopping 
residual offset from the integrating ampli?er. The relatively 
loW frequency signal chopping can be part of a multistage 
approach in Which the integrator may be chopped or not. The 
addition of a relatively loW frequency chopping operation 
contributes to moving residual offsets associated With an 
input sampling netWork to an offset frequency, Where the 
offsets have a reduced impact, or Where they can be ?ltered. 
[0055] Referring noW to FIG. 7a, a timing diagram illus 
trates an exemplary relationship betWeen a relatively loW 
frequency chopping clock fchop_sloW and a typical integra 
tor chopping clock fchop_fast, With a frequency less than a 
sampling frequency of a sample clock Fs. FIG. 7a illustrates 
transition events and the polarity and frequency location rela 
tionships betWeen signals fchop_sloW, fchop_fast and Fs, 
Where the frequency of fchop_sloW is signi?cantly less than 
the frequency of both fchop_fast and Fs. According to the 
exemplary embodiment illustrated in FIGS. 7a and 7b, the 
frequency of fchop_fast is about one half the frequency of Fs. 
In general, the frequency of fchop_fast may be expressed as 
Fs divided by 2N, Where Nil. According to one exemplary 
embodiment, N:9, so that fchop_fast is about Fs/512. It 
should be apparent that any relationship betWeen fchop_fast 
and Fs may be implemented, With fchop_fast<Fs/2. 
[0056] FIG. 7b illustrates the frequency spectrum of the AZ 
ADC, including a substantially DC voltage that is to be con 
verted to a digital value. The relatively loW frequency chop 
ping clock is illustrated in the frequency spectrum With the 
designation fchop_sloW. The relatively sloW chopping clock 
tends to shift sampling netWork and DAC offsets, as Well as 
voltage offsets Voff_in and Voff_dac, to the loW frequency 
region, as illustrated With the poWer spectral density shoWn 
for signal fchop_sloW. Signal fchop_fast has a greater poWer 
spectral density, Which represents a frequency shift of ampli 
?er 1/f noise and other ampli?er offsets, as Well as the voltage 














